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ABSTRACT

It is anticipated that some Apollo Applications
missions may be flown at altitudes sufficiently high that an
ascent trajectory containing a Hohmann transfer orbit will be
more efficient than a direct ascent. The Bellcomm Apollo
Simulation Program (BCMASP) has been modified to simulate the
Saturn V launch and ascent to a circular earth orbit, using a
direct injection into a Hohmann transfer ellipse as part of
the ascent trajectory. A two burn S-IVB is assumed for injection
into the transfer orbit and for circularization at the apogee of
the transfer orbit.

The modified BCMASP program can be used in elther of
two modes. In the payload optimization mode, the program will
automatically do successive simulations of the trajectory from
launch to circular orbit insertion until the maximum delivered
payload is determined. In the reference trajectory mode, the
payload and mission are specified and the program generates a
reference trajectory for this mission. The user has the option

of a propulsive or non-propulsive S-IVB vent during the Hohmann
transfer coast.

Practical extensions of the program include its usage
with the Uprated Saturn I launch vehicle, the incorporation of
a three-burn S-IVB capability with an earth orbit coast prior
to transfer orbit insertion, and the addition of plane change
capability during the S-1VB burns.
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I. INTRODUCTION

The Apollo Applications Program will include earth
orbital missions at low and high altitudes. Some of these
missions may be at altitudes that are too high to efficiently
reach with a direct ascent to circular orbit and will therefore
use a Hohmann transfer as part of the ascent trajectory. To
aid 1n mission analysis work for these missions, the Bellcomm
Apollo Simulation Program (BCMASP) has been modified to simulate
the launch and ascent to orblt for this type of ascent scheme.

IT. PROGRAM DESCRIPTION

A. General Description

The launch trajectory consists of a Saturn V launch
and direct injection into the transfer orbit, using the S-IC,
S-1IT and the first burn of the S-IVB stage. The vehicle then
coasts to apogee where the circularization 1s achieved with the
second burn of the S-1IVB stage.

If the circularization 1s achileved in the simulation
without consuming all of the available S-IVB propellant, the
payload weight is increased and the trajectory i1s simulated agsain.
This process 1s repeated until all of the available S-IVB pro-
pellant is consumed and the maximum payload weight is obtained.

If a reference trajectory for a mission with a specified payload
is desired, then this iteration option can be inhibited and only
one trajectory simulation is run.

Other options that would normally be exercised are
(1) the optimizing of total vehicle weight into the transfer
orbit, and (2) the optimizing of total weight into the desired
circular orbit. The former is accomplished as in a nominal
LOR mission, i.e., by varying the kick angle during the S-IC
burn, the initial pitch angle for the S-II burn, and the pitch
rate during the S-II burn to find the combination of these
parameters ylelding the maximum weight delivered into the transfer
orbit. The latter optimization is accomplished by varying the
ignition time of the second S-IVB burn and the pitch angle during
this burn. In addition, the option to use a propulsive or non-
propulsive vent for the S-IVB during the Hohmann transfer coast
is available.
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At the completion of the payload optimization pro-
cess, the program automatically computes estimates of deorbit
propellant for various specified weights of the CSM, assuming
a retrograde service module deorbit burn 1into an elliptic tra-
jectory with a user-specified perigee.

This program has been used to study the Saturn V
payload capability for circular earth orbits with altitudes
varying from about 19,000 nautical miles to 30,000 nautical
miles. The results of this study will be reported at a later
date.

B. Subroutine Description

The sequence of events for the ascent trajectory
is provided to the program by the events 1list, or subroutine
SIMTGT. The subroutine TRJSEL provides the basic instructions
for proceeding through a trajectory simulation by calling the
appropriate subroutines in the correct sequence and imple-
menting the payload optimization option. These subroutines
were 1in large part rewritten for this modification to the
BCMASP. Lesser changes were made to the subroutines SVTB and
ETHORB, and the new subroutines PUNT1l and SYNORB were based
largely on the BCMASP subroutines HUNTI and ETHORB. Each of
these 1is described briefly below.

SIMTGT (Events List)

A listing of subroutine SIMTGT without equivalence,

common, or dimension statements is given in Appendix I. During
the S-IC and S-I1 phases of powered flight, the sequence of
events is essentially the same as in a nominal LOR mission. At

the cutoff of the S-II stage the altitude is very close to the
user-specified perigee altitude of the transfer orbit. The

S~-IVB develops sufficient velocity to pass through the circulari-
zation condition at perigee and contlinues to burn until an elliptic
transfer orbit with an apogee altitude equal to the desired final
circular orbit altitude is achieved. The CONIC subroutine is used
to predict the apogee radius and determine the S-IVB cutoff time
to achieve this elliptic orbit. Since this apogee prediction is
based on a conic trajectory and the simulated trajectory during
the ensuing coast period 1s an integrated trajectory, the apogee
altitude attalned will be slightly different than expected. To
compensate for this, a slight bias may be included in the user-
specified circular orbit altitude. Immediately after the first
S-IVB cutoff, an initial estimate of the second S-IVB ignition
time is computed.

After the direct injection into the transfer orbit,
the space vehicle begins a coast period that extends almost
until apogee 1s reached. The user must specify if the propulsive
or non-propulsive S-IVB venting scheme is to be used.
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The second ignition of the S-IVB stage for the
circularization burn is represented as EVENT S4ON2 and has
as its criterion the ignition time, TON2. If the user so
specifies, the clrcularization burn is repeated with values
for the ignition time and pitch angle other than the initial
estimates. In this way, the combination of these two quantities
that yields the maximum payload at circularization burn cut-
off 1s found. To enable the program to vary the ignition time,
EVENT S40N2 1is preceded by the physically fictitious EVENT
PREON?2 whose criterion is a computed time that is not varied.

At the events SL4OFF1l, SL4ON2, and SLUOFF2, the user
may subtract specified weights from the current vehicle weight.
This 1s a convenient way to discard thrust buildup and decay
propellants, as well as other items that may conveniently be
considered to be jettisoned instantaneously at these times.

The last event in the events list, EVENT STOP, is
used as a convenient place to compute estimates of deorbit
propellant. This computation is applicable to a retrograde
service module burn which inserts the deorbiting CSM into an
elliptic orbit with a perigee altitude specified by the user.
This computation is done for CSM weights that vary from
20,000 1bs. to 60,000 1lbs. after the deorbit burn, in increments
of 10,000 1lbs. The targeting mode printout for each case con-
sists of the weight of the CSM before and after the deorbit
burn and the deorbit propellant.

TRISEL

A l1listing of the TRJIJSEL without the equivalence and
common statements is shown in Appendix II. The first operation
performed by TRIJSEL is the computation of various initialization
conditions. This 1s a slight departure from the normal usage of
the BCMASP and will be discussed in the next section. The sub-
routines that effect the trajectory simulation are then called
in turn, commencing with ETHORB and concluding with SYNORB.

When SYNORB returns control of the program to TRIJSEL, the vehicle
has been placed in a circular earth orbit. Subroutine TRJISEL
tests for any leftover S-IVB propellant that was not needed to
place the payload in orblt. If the value of this remaining S-IVB
propellant 1s large and positive, then more payload could have
been placed in orbit. If the value of this remaining S-IVB
propellant is large and negative, then more S-IVB propellant was
consumed in the simulation than is actually available and the
Oorbited payload is unrealistically high. 1In either case, if the
program is run in the paylocad optimization mode, the payload
weight is adjusted by adding an amount equal to this leftover
S~IVB propellant, multiplied by a convergence factor. After the
total space vehicle weights at required times in the trajectory
are correspondingly adjusted, the simulation is repeated with
fhese adjusted weights.
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When a simulation run is completed and the leftover
S-IVB propellant is acceptably small, i.e., practically all
of the S-IVB propellant was consumed, a final simulation run
is made without the optimization subroutines but using the
optimum parameter values determined previously. This final
run will generate the data for the processing that will follow
after the completion of the targeting run. The targeting run
is completed by outputing the total weight placed in orblt,
the weight of the S-IVB stage and IU, and the launch vehicle
payload weight above the 1U.

The program output at the end of the targeting run
produced by the SIMTGT and TRJSEL subroutines is shown in
Fig. 1 for an example run. From this information the dis-
cretionary payload weight 1s almost immediately available.
By specifying a deorbited CSM weight, the deorbit propellant
and CSM weight prior to the deorbit burn are immediately
available. By subtracting the latter number from the launch
vehicle payload in orbit, the available payload that can be
carried to orbit and left or discarded in orbit is obtained.
Conversely, the weight of experimental equipment and data that
can be returned in the command module with the crew can be
easlily determined.

ETHORB, SVTB

Very minor modifications were made in these sub-
routines. Subroutine ETHORB performs the same function as
in a nominal LOR mission. ETHORB varies the pitch parameters
during the S-IC and S-II powered flight phases to determine
the combination of those parameters delivering the maximum
vehicle weight at the circular parking orbit condition and
into the transfer orbit. Subroutine SVIB was modified to
extend the range of the propulsive vent table and to add
data for the non-propulsive vent option.

SYNORB, PUNTI

Subroutine SYNORB is based largely on ETHORB and is
used at the final circularization burn. Subroutine SYNORB
provides the logic for varying the pitch angle and ignition
time in the optimization procedure discussed above under sub-
routine SIMTGT. Subroutine PUNT1 is called by SYNORB to
optimize the vehicle weight at cutoff by varying the pitch
angle. Subroutine PUNT1 is based largely on subroutine HUNT1
of the BCMASP.

C. Input and Output

Input

The required input data consists of launch vehicle
data, targeting variables, and trajectory parameters.
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Many of the launch vehicle items required as input
for the BCMASP when used for an LOR simulation are also required
with this modification. These include the following:

- Thrust levels and weight rates for each stage and
mixture ratio used.

- Available propellants for the S-IC and S-1T stages.

- Weight of the S-IC/S-II interstage.

- Weight of the Launch Escape System.

— Various times such as time of S-IC kick, coast
time between S-IC shutdown and S-II ignition, time
of 3-I1 mixture ratio changes, etc.

As used for an LOR mission, the total space vehicle weight at
S-IC liftoff (WGT 1), S-II ignition (WGT 2A), and S-IVB first
ignition (WGT 3) are required. As used with this modification,
the BCMASP requires three other input weights, (WLV 1, WLV 24,
WLV 3) in lieu of WGT 1, WGT 2A, and WGT 3. These are welghts
of the launch vehlcle only at S-IC liftoff, S-II ignitlion, and
S-IVB first ignition. With an initial estimate of the payload,
PLEST, subroutine TRJSEL computes WGT 1, WGT 2A, and WGT 3 as
part of its initial computations. After the input quantities
WLV 1, WLV 2A, WLV 3, and PLEST have been chosen for an initial
trajectory simulation, subsequent simulations for different
missions may be run by changing only the payload estimate, PLEST,
rather than all of these 1nput weight values.

The input data for the targeting variables consist of
the specification of program options, tolerances on the variables
used in the optimization routines, and the convergence factor used
in subroutine TRJSEL.

The input data for the trajectory parameters include
the following:

- Initial estimates of the quantitilies to be varied in
the optimization subroutines (S-IC kick angle, etc.)

- The transfer orbit perigee altitude in nautical miles.

~ The desired circular orbit altitude in nautical miles.

- The deorbit ellipse perigee altitude in feet.

- Launch azimuth.

- Other specified values (e.g., flight path angle at
circularization burn cutoff).

The modifications to the program provide for accepting
the altitude variables mentioned above in the most easily specified
manner and converting them to corresponding radlii, measured in feet,
for usage by the main program.

Outgut

The program output for the targeting run consists mainly
of printout indicating the progress of the optimization subroutines,
and the printout shown in Figure 1 and discussed earlier. In
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addition, projected perigee altitudes are printed out at
several times during the circularization burn, assuming
instantaneous thrust termination. This is helpful in esti-
mating flight propellant reserve requirements, particularly
for high altitude missions where an orbit achieved due to an
early thrust termination may be acceptable, though slightly
different from the intended orbit.

The program output format for the process run has
not been changed from the standard BCMASP format for an LOR
mission. An example of one page of the process mode output
is shown in Figure 2.

IIT. FURTHER EXTENSIONS OF THE BCMASP

The BCMASP as modified and discussed in this memo-
randum 1is intended primarily to serve two purposes: to de-
termine the maximum payload capability of the Saturn V launch
vehicle into a prescribed circular earth orbit, using a Hohmann
transfer as part of the ascent trajectory; and to generate a
reference trajectory for a mission with a specified payload
and orbital altitude with this ascent scheme. Some additional
extensions of this program modification include using the Up-
rated Saturn I launch vehicle in place of the Saturn V, in-
corporating a three-burn capability for the S-IVB stage by
adding a low earth orbit coast period prior to transfer orbit
injection, and the addition of plane change capability during
the S-IVB burns to achieve orbital inclinations other than those
attainable by varying the launch azimuth. It does not appear
that any of these modifications would be difficult to implement.
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c ong
¢ COMPLTT IVMPROVED WEIGHT VALUES oo
C 005

MOT T =HAT Y +7 #DELT A
MAT2A=WGT 2 A+7 % DFLTAY
NOGTR=WAT3+7 #¥DELTAY
MSVDRY=WSVYDRY+7¥DELTAY
CALL ROLLBX{EHLAYUNCH)
WRITF(6547)
WRITE(6,550)

GO T0 1

1

o]
AT

O AN WA U AT AT AR WD

C
€ COMPUTE FINMAL TRAJECTORY WITH IMPRCVED VALUES OF VARTABLES
C

DO OODDODOOOOD DD
YD DDODODDOOO DD

Q ISKPSW=n 06

. WRITFE(6450M) 0é
’ CALL POLLEBK (SHLANINCH) 0%
CALL FLTINT(AHLAUNCH,4ESTOD) 005
WRITE(A.20) DLTHIZDLTH2,DTH2,TCN2,THEsDTHS nné
WRITH(6,30) 005
IF(IWTOPTWNEL1) GO TO 11 006

_ TF((ARSIDTLTAY ) «GToQUWTCRR) AND e (NahFak)) GO TC 8 00&
r 007
©OFXIT FOR COTIMIZFD ORBITED WEIGHT 007




IT - 2

AT

C
PAYIND=wGTARP=AYDUTT
WRITE(&4T0) WETORRE,SVOLTT ,PAYLOD
RETHRM
FXIT FCOR PRCPFLLANT MOMN-CONVERGRENCE
[ 'I’)r"‘l(\l,éf\)
RFETURN
C
C EXIT FOR NONM=CPTIVIZATICN RUN
-
11 WPROPX=FUEL 3=DELTAW
WRITI(Es25) FHFL3,WPROPX SDELTAY
RFETLAN
C
20 FORYAT(/SX48H DLTHY =-F15.Q,3x,8H DLTH2 =,F15.9,3X,8~ DTH
1F15.9//79Xs5H TCM2 sFQab X, 8H THE =3F15e9,3X538H DTHS
-
C
25 FORMAT (MY // /275 AVAILARLE S48 PROPELLANT =5F1142+5HPCUNDS//
12780 S48 PROPELLAMT EXPINDED =,F11.2,6HPOUNDS//
227+ S43 PROPELLAMT REMAINING =,F1142,56HPOUNDS)
C
C .
2N SORMAT(//GX+38HCIRCULAR CRBIT ACHIEVED, RUN COMPLFTED)
(
o
L0 FORMAT (///79%Xs G4HRFRUM TRAJFCTCRY WITH IMPROVFD WEIGHT VA
C
C
50 FORMAT(1HT)
C
AN FORMAT(/SX s 39HCONVFRGENCE FOR PROPIR PRUPELLANT ysSAGE//
19X, 2AHNOT ACHIFVED®=*RUN TERMINATED)

70 FORUMAT (141 ,//7/70Xs32HTOTAL WEIGHT IN CRBIT

IS 293
CAFRLN LI LERPOUNDE/ /10X 33HVEIGRT OF §43 AMD TU IN ORPIT
23N S FR, AL IXLAEPOUNDS//1NX s 33HLAUNCH VERKICLE PAYLOAD IM CR

3AINSFR, MG IXNGHEHPOUNDS)

i I

D
G
e 1

g
b

D0
3 gt b3

D

100 FORMAT(//4X st N =1358X,9H ’GTOAU =E15e8,55X99H DELTAW =215.2)

101 FORMAT(//74X ottH 2 =4F0e2s5X,9H WCTL SE15.845Xs9H WGT2A
15X ,CH WGET3 =F184RsDX,0H WSVDRY =£15.8)
FND

D

DO
e

DD
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